Study of the effect of gas pressure and catalyst droplets number density on silicon nanowires growth, tapering, and gold coverage
Behavior of Au-Si droplets in Si(001) at high temperatures The transport behavior of Au-Si droplets near the Si(001) surface at elevated temperatures is investigated using transmission electron microscopy. It has been found that Au-Si droplets move differently under different temperatures, which lead to the formation of SiO x surface islands on top of droplets, and result in the lateral movements of smaller droplets away from their corresponding surface islands. Since Au droplets have been widely used as catalysts to induce semiconductor nanowires, this study provides insight behavior of Au containing droplets on semiconductor surfaces, which is critical for understanding the formation mechanisms of semiconductor nanowires. Behaviors of Au thin films and droplets on semiconductor surfaces have attracted extensive attention in recent decades. For examples, in the1970 s and 1980 s, significant research has been conducted on low-temperature migration of Si in Au surface layer in order to secure good Au electrodes. [1] [2] [3] In the past decade, Au droplets have been commonly chosen as catalysts to induce the growth of semiconductor nanowire 4 and nanowire heterostructures 5, 6 through the vapor-liquid-solid mechanism. This is because many semiconductor elements have high diffusivities in Au, such as Si (Ref. 7) and Ga; 8 and low eutectic temperature of Au containing droplets. However, detailed understanding of Au behaviors on semiconductor surfaces, particular at the elevated temperatures, is not clear, which impacts on the design and growth of semiconductor nanowires. For this reason, it is necessary to systematically study the Au behaviors on semiconductor surfaces, especially at elevated temperatures. Since Si technology is matured and Si is a simple system, some investigations of Au on Si have been carried out. It has been found that even under the temperature range between room temperature and 300 C, Si substrate atoms may diffuse through thick Au layers (e.g., 100 nm) and react with O 2 to form SiO x . 1 On the other hand, Ruffino et al.
9
found that different annealing conditions of Au coated Si substrates may result in different surface nanostructures. Nevertheless, the detailed role of Au in terms of inducing different surface nanostructures is not clear. Indeed, it is believed that the evolution of Au-Si droplets in Au coated Si substrates depends strongly upon the environmental temperatures and chemical environments, which should be a complex yet important issue from both fundamental research and technological applications points of view. In this study, the transport behavior of deposited Au thin film on Si(001) substrates at elevated temperatures is investigated. It has been found that Au thin film agglomerates into Au-Si droplets when the samples are annealed. At annealing temperature of 1000 C, Au-Si droplets move into the Si substrate, leading to the formation of SiO x surface islands on top of them. At an even high temperature of 1100 C, smaller Au-Si droplets move laterally to escape from their corresponding SiO x islands. The fundamental mechanisms associated with these phenomena are explored.
Si (100) substrates were first cleaned by the Shiraki method, 10 followed by dipping in the hydrofluoric acid solution to remove the native oxide layer. After that, $2 nm thick Au layer was deposited on the Si substrates by magnetron sputtering at room temperature; and samples were immediately loaded into an annealing furnace, and annealed at different temperatures (namely 500, 700, 900, 1000, and 1100 C) in the argon atmosphere for 4 h. The microstructures of as-grown and annealed samples were investigated by transmission electron microscopy (TEM, FEI Tecani F20, equipped with the energy dispersive spectroscopy (EDS)). Figure 1 shows cross-section TEM images of as-grown and annealed samples. Figure 1(a) shows the structural characteristics of the as-grown sample, where a 2 nm thick Au containing layer (dark layer) was uniformly formed on the Si substrate with a good adhesion. Above the Au layer, a uniform layer with $2 nm thick can be seen. This layer has been confirmed as SiO x layer, caused by exposing the sample in air, consistent with previous observations on Si(111). 3 The formation of this SiO x surface layer means that, even at room temperature, significant Si atomic diffusion in Au has taken place. Therefore, the dark layer shown in Fig. 1(a) should be an Au-Si alloy layer.
When the as-grown sample was annealed at 500 C, the Au-Si layer started to agglomerate into Au-Si droplets, as shown in Fig. 1(b) . Nevertheless, the interface between the SiO x surface layer and the Au-Si layer remains relatively flat. With increasing the annealing temperature to 700 C, the size of Au-Si droplets increases, as indicated in Fig. 1(c) . It is of interest to note that, although the interface between the SiO x surface layer and the Au-Si layer become non-flat in this case, the thickness of the SiO x surface layer remains nearly unchanged, indicating the flexibility of the SiO x surface layer and that the agglomeration has no influence on the SiO x surface layer although a significant mass transport occurred underneath the surface layer during the annealing process. However, when the annealing temperature reaches C, the situation is changed. Since the thickness of the SiO x layer is still small after annealing at high temperatures (2 nm for the as-grown sample and 5 nm for the sample annealed at 1100 C), the SiO x /Si interface can be referred as a benchmark for the vertical movement of the droplets. As shown in Figs. 1(d) and 1(e) , it is clearly seen that the depths of two large droplets with respect to the surface are different, and no Au-Si layers between SiO x /Si are left elsewhere. It is anticipated that the large droplets are initially formed with top surface above the original surface of the Si substrate, as shown in Fig. 1(e) . With the Au-catalyzed oxidation of Si, the droplets move downwards to the Si substrate, as illustrated in Fig. 1(d) . This conclusion is further confirmed by the observations in the sample annealed at a higher temperature of 1100 C, where all droplets are below the flat SiO x /Si interface, as clearly seen in Fig. 1(f) . To understand this physical phenomenon, we adopt the electrochemical model. 11 In Au-Si eutectic droplets, the electronegativity of Au, X Au ¼ 2.4, is larger than that of Si, X Si ¼ 1.8, which means that Si atoms exhibit electropositivity in the droplets. When the O 2 are adsorbed on the surface of the droplets, the strong electronegativity of O 2 (X O ¼ 3.5) will attract electrons and thus lower the local electric potential.
11 By Coulomb interaction, relatively electropositive Si atoms will move to the surface side of Au-Si droplet to react with O 2 and in turn form SiO x . This process continues with Si atoms under the droplet diffused upwards through droplet to react with O 2 , which in turn leads to the downward movement of the droplet. This process terminates when the SiO x /droplet interface lines up with the original Si surface, leaves behind a surface SiO x island.
By carefully examining the positions of Au-Si droplets with respect to the surface SiO x islands in Fig. 1(f) , we note that for the larger droplets, the surface SiO x islands can be found directly on the top of the droplets; while for the smaller droplets, there is a lateral mismatch between the AuSi droplets and the surface SiO x islands. For some smaller droplets, no surface SiO x islands are seen. To explain this interesting finding, the model of "self-propelled motion of liquid," [12] [13] [14] caused by the surface tension gradient on the solid surface, can be used. It should be noted that, due to the lower diffusion of O 2 through thicker SiO x layer during the downward movement of droplets, O concentration in the surface SiO x islands should be less than that in the surface SiO x layer. Referring to Fig. 2(a) , the difference of O concentration in the surface SiO x islands and in the surface SiO x layer may attract the lateral movement of the droplets, so that the droplets unstably stay under their surface SiO x islands, particularly for those smaller ones. Under a small fluctuation (such as O concentration varied around a droplet or even a thermal fluctuation), the lateral movement of a droplet may be initiated. Once the droplet is moved, as illustrated in Fig.  2(b) , the SiO x /Si interface tension under the surface SiO x layer is larger than that under the SiO x island. The comparatively larger SiO x /Si interface tension will drive the droplet movement away from its corresponding surface island, as illustrated in Fig. 2(c) . Furthermore, we have examined several moved droplets and found that (1) the contact angles (between the Si/droplet interface and Si original surface) on both sides of a droplet are different (refer to Fig. 3) and (2) the movement of the droplet is always towards to the side with smaller contact angle. These facts suggest that the droplets move to the sides that has high interface tensions. In order to clarify why the smaller droplets are easy to escape from their surface islands, we consider the net surface tension of a droplet, which can be expressed as c dÀSi ðcos h Àcos h Ã Þd, 13 where h and h Ã are the contact angles of both sides and d is the diameter of a droplet. On the other hand, the volume of a droplet can be expressed as V ¼ 15 Since the net surface tension is proportional to d and V is proportional to d 3 , the net surface tension per volume should be inversely proportional to d 2 . Therefore, smaller droplets experienced a high net surface tension per volume, which behave more easily to move than the larger ones.
In conclusion, the evolution behavior of Au thin-film on Si(001) substrate annealed at high temperatures is investigated by cross-sectional TEM. When the as-grown sample is annealed, the Au-Si layer starts to agglomerate into Au-Si droplets. When the annealing temperature reaches to 1000 C, the Au-Si droplets penetrate into the Si substrate with surface SiO x islands on the top of them, caused by the Au-catalyzed oxidation of Si with residual oxygen in argon atmosphere. More interestingly, at the annealing temperature of 1100 C, the smaller Au-Si droplets move laterally along the SiO x /Si interface, due to the synergistic effect of difference of the SiO x /Si interface tension on opposite sides of a droplet and the thermal fluctuation. It should be noted that this study confirmed the formation of SiO x surface islands during annealing Au thin-films at elevated temperature, and these surface islands may be easily misinterpreted as Au nanoparticles, 16 so that caution is needed to explain the formation of such surface islands. Since Au has been commonly used to induce semiconductor nanowires, this study provides insight of how the Au is behaved, which is critical for understanding the growth of semiconductor nanowires. 
